Time reversed imaging is a technique in which we propagate a pulse through a medium, record the signal and then back-propagate the time-reversed signal through the same medium to refocus the energy at the original source location. The refocusing is independent of the medium, provided that the medium remains the same during back-propagation. When the velocity for backpropagation is different from that for the forward propagation, the waves refocus at a different location. Based on the shift in the location of the refocused pulse, we can estimate the velocity perturbation. For a single source and single receiver, the shift is proportional to the distance between the source and the receiver and the velocity perturbation. When we consider a larger aperture, however, the shift in the refocused energy depends on a geometric factor related to the receiver array as well. For a given source-receiver distance and velocity perturbation, the shift in the location of the refocused pulse increases with increasing aperture angle. If we look at the problem using ray theory, the increase in the aperture angle should result in decrease in the shift of the refocused pulse; this is where ray theory tends to misguide us. The explanation for the increase in the shift of the refocused pulse location with increased aperture angle is simple when we look at the problem from a wave-front point of view. For an unperturbed medium, presence of a random heterogeneity in the model enhances the quality of focusing.
TIME REVERSED IMAGING
Time reversed imaging is a technique in which we propagate a pulse through a medium, record the signal, and then back-propagate the time-reversed signal through the same medium to refocus the energy at the original source location. The refocusing takes place in time and space and occurs in homogeneous as well as heterogeneous media. The refocused pulse in a medium is independent of the characteristics of the medium, provided that we use the same medium for the forward and for the back-propagation (Haider et al., 2004) . A striking observation is that for a heterogeneous medium, inhomogeneities in the medium enhance the degree of refocusing (Fink et al., 2001) . Parvulescu (1995) applied the technique called matched-signal processing, based on the same principle, to ocean acoustics.
Time reversed imaging has found applications in several fields of science and engineering, for instance, in medical imaging. It can be used for non-invasive destruction of kidney stones, the detection of defects in metals, and mine detection in the ocean (Fink, 1997) . Conventional methods for detection and destruction of the kidney stones use x-rays and ultrasound, respectively. The time reversed imaging technique can be used as a non-invasive destruction method to refocus energy on the kidney stone by using a group of time-reversal mirrors. The kidney stone receives a signal sent by a source and scatters it in all directions. The mirror array picks up the scattered signal, amplifies it, and sends the signal back to refocus the energy at the source of the scattered waves, i.e., the kidney stone. Other medical application of time reversed imaging include acoustically induced hyperthermia for tumor treatment (Porter et al., 1999) . Apart from medical applications, time reversed imaging is also used for secure communication (Parvulescu, 1995 ; Edelmann et al., 2001 ; Song et al., 2002 ; Kim et al., 2001) .
The back-propagation of a signal is mathematically the same as the process of migration in geophysics (Borcea et al., 2003) . In time reversed imaging, the signal recorded at the receiver array is back-propagated through the same medium to refocus energy at the original source location. In migration, in contrast, the reflected waves are back-propagated numerically using an estimate of the velocity of the subsurface. Migrating with a wrong velocity model images the waves at wrong locations. This is exactly what would happen if we would not use the same velocity model during backpropagation in time reversed imaging. In migration, for such cases, a process called migration velocity analysis (MVA) (Zhu et al., 1998) is carried out to aid in estimating velocity, aimed at improved imaging.
In time reversed imaging, when we use the same medium for both forward and backward propagation, we get the refocusing of energy at the location of the original source. However, just as in migration, when we back-propagate using a velocity different from the forward propagation velocity, the waves refocus at other locations. The difference in the forward and backward velocities can be estimated from the shift of the refocused pulse compared to the original source location and, hence, can be used for applications including velocity analysis and time-lapse monitoring of velocity changes.
Coda wave interferometry is another technique used for monitoring time-lapse changes . In coda wave interferometry, we use a single source and a receiver to study the velocity changes. The changes are monitored by the correlation of the coda waves recorded in the unperturbed and perturbed medium, respectively. This technique is based on the high sensitivity of multiply scattered waves to small changes in a medium and can be used for monitoring changes in volcanic interiors . For a single receiver, time reversed imaging at the source location is the same as convolution with the time-reversed signal, which is the same as correlation with the originally recorded signal. The shift in the location of the refocused pulse for a perturbed medium is related to the deviation of the correlation peak from the origin, which gives the measure of the velocity perturbation. Hence for a single source and receiver, time reversed imaging is identical to coda wave interferometry. If, instead, we have an array of receivers forming an aperture, the shift in the location of the refocused pulse depends on the aperture angle along with the distance between source and receiver and the velocity perturbation. The next section derives the shift in the location of the refocused pulse, followed by a simulation test to validate the expression obtained. A physical interpretation explains why rays misguide us in understanding how this shift varies with aperture angle.
EXPRESSION FOR THE LOCATION OF THE REFOCUSED PULSE
We start with a simple model to study the effect of a velocity perturbation on the location of the refocused pulse. The model is acoustic, two-dimensional, and homogeneous. We allow a source pulse to propagate through the homogeneous medium using the 2-D wave equation and record the field at a distance R with an array of receivers. This wave-field recorded at the receivers is then time-reversed and back-propagated through the same medium to refocus the energy at the source location. Let the source be a symmetric pulse such as a Ricker wavelet S(t), given by
We propagate this pulse over a distance R and record the wave-field on a circular array of receivers. The receivers are placed along a circle with a source at the center and radius R that extends up to a fixed aperture angle ±Φ as shown in Fig. 1 . The wave-field in the far field can be represented using the 2-D asymptotic behavior of the Hankel function (Snieder, 2nd. ed. ; Arfken et al., 4th. ed.) :
where k is the wavenumber. When this wave-field is reversed in time, it acts as our new source signal. Reversing in time in the time domain is equivalent to complex conjugation in the frequency domain. If S(t) is the wave-field in time domain, then it can be represented in the frequency domain using the Fourier transform,
Time reversing the wave-field is equivalent to changing t to −t. Hence, the time-reversed wave-field is
For a real signal, S(−ω) equals the complex conjugate S * (ω), This shows that the time-reversed signal in the time domain is equivalent to complex conjugation in the frequency domain. Hence, the wave-field recorded by the array of receivers shown in Fig. 1 , when reversed in time, is equivalent to complex conjugation of Eq. (2):
If we back-propagate this wave-field with the same velocity as the forward propagating velocity, we refocus the waves at the original source location. When we backpropagate with a different velocity, the energy will refocus at a location other than the original source location.
Let us see what information this shift in the location of the refocused pulse gives us about the velocity perturbation. The back-propagated wave-field radiated by each of the receivers is obtained by convolving this timereversed signal and the Green's function. To compute the total back-propagated wave-field, we need to sum over all receivers that have recorded the forward propagating wave. For the receivers that are densely sampled over the receiver array, we approximate the summation over all the receivers by integration over the aperture angle Φ in order to simplify further calculations. Hence, in the frequency domain, the back-propagated wave-field at location r corresponds to
where φ goes from -Φ to Φ, rr is the receiver location and k and k are the wavenumbers associated while forward and back-propagation, respectively. We are interested in the refocusing point close to the original source location. This requires that R r and hence the term |r − rr| in the expression can be approximated up to second-order accuracy in (r/R) as
where θ is the angle defined in Fig. 1 . This term is present in both the denominator and the numerator of Eq. (4). In the denominator, we ignore the dependence of |r − rr| on (r/R) and approximate it to be equal to R. This approximation results in an error of the order (r/R), which can be ignored as R r. In the numerator, the term |r − rr| is multiplied with the wavenumber k in the argument of an exponent. Ignoring the (r/R) and (r/R) 2 terms in the numerator of Eq. (4) would result in errors of the order of (r/λ) and (r 2 /λR) respectively, which may be significant. (λ is the wavelength of the pulse.) We, therefore, express the term |r−rr| in the exponent using Eq. (5). With this simplification, the denominator becomes a constant scaling factor except for |ω|. Leaving out this scaling factor, the back-propagated wave-field becomes the following integral over all the receivers.
By replacing the wavenumbers k = ω/c and k = ω/c , we can also rewrite the back-propagated wave-field as
where c is the velocity for the forward propagation and c is the velocity for back-propagation. To represent the refocused energy in the time domain we integrate over all frequencies . The wave-field can be represented in the time domain in terms of a function f as
where f is defined as
The function f is a function of time and space that can be expressed in terms of x and z as follows:
This function f can be approximated using a Taylor's series expansion up to second order in ξ, where
When we insert this representation into Eq. (7) and integrate over φ, we obtain an expression for the backpropagated wave-field at an arbitrary location (x, z) close to the source location. We are interested in the location of the refocused pulse which we define as given by the maximum value of this wave-field at time t = 0. Since the medium is homogeneous and the acquisition geometry is symmetric with respect to x = 0, the peak is located on the X-axis; hence we set x = 0 in the wavefield representation. This reduces the resultant wavefield representation to an expression involving terms in z and t only. We are interested in examining the shift in the location of the refocused pulse in the z-direction. This shift can be computed in two steps. The first step involves evaluating the wave-field at time t = 0. This wave-field is then solved for its maximum as a function of z. As a result, we get the shift in the location of the refocused pulse,
A stepwise derivation of this result is shown in Appendix A. This expression for the shift in the location of the refocused pulse holds for any source pulse that is symmetric at t = 0. When the forward and backward propagating velocities are the same (δc = 0), the location of the refocused pulse is the same as that of the source pulse (δz = 0), as supported in Eq. (9). For a small aperture angle, (sin Φ)/Φ and (sin 2Φ)/2Φ → 1; hence in the limit of Φ → 0, the shift of the refocused pulse is a function of just the distance R and the velocity perturbation δc. 
Let us consider this case of small Φ, or equivalently just a single receiver (Fig. 8) . Suppose we excite the source pulse and record the signal at a distance R using a single receiver. If this recorded signal is back-propagated with same velocity, then the backpropagated wave-field refocuses at the original source location. If, instead, the back-propagation velocity is different from the forward-propagation velocity (c = c , δc = 0), the back-propagated waves travel over a distance,
Hence, the relative shift in the location of the refocused pulse is −R(δc/c), which agrees with Eq. (10).
ILLUSTRATION USING NUMERICAL SIMULATION
Eq. (9) gives the expression for the location of the refocused pulse. Let us compare the results obtained from this expression with a numerical simulation. The simulation uses a simple finite-difference scheme for the 2-D wave equation with absorbing boundary conditions (Clayton et al., 1997) . The geometry of the simulation . Energy refocusing at the source location (along with some low amplitude noise caused by imperfect absorbing boundary conditions) obtained after the wave-field recorded by the receivers is back-propagated using the correct backpropagating velocity.
is shown in Fig. 2 . As the medium is homogeneous, we specify a constant velocity for forward propagation. The source radiation pattern is isotropic, as illustrated by the arrows. The receiver array, located at a distance R = 20λ where λ is the wavelength of the pulse, records the wave-field. The aperture angle Φ for this test is 35
• . When this wave-field is time-reversed and backpropagated using the same velocity as for forward propagation, the waves refocus at the original source location as shown in Fig. 3 . We also see some low amplitude numerical noise near the sides, which is caused by reflection from the imperfectly absorbing boundaries. Even though its location is preserved, the shape of the refocused pulse differs from that of the original pulse in Fig.  2 . There are two reasons for this distortion. First, the receiver array has a finite aperture Φ = 35
• . During forward propagation, the source propagates in all the possible directions, while in back-propagation the energy propagates only from a certain slice of directions. Second, according to Eq. (6), for a given source spectrum S(ω), the refocused pulse is proportional to S * (ω)/|ω|. This distortion is even clearer in Fig. 4 which is a detailed view of Fig. 3 .
Let us see what happens when we back-propagate with a different velocity. Suppose the back-propagating velocity c is low compared to the velocity c for the forward propagation. When the back-propagating velocity is lower than the forward propagating velocity, the refocusing occurs at a location closer to the receiver array compared to the original source location, which is indicated by a circle as shown in pulse is similar to a frown; hence, in seismic migration, this shape is commonly referred to as a frown (Zhu et al., 1998) . Fig. 6 shows the refocused pulse when the back-propagating velocity is higher than velocity for the forward propagation. The refocusing in this case occurs at a location farther from the receiver array, and the shape of the refocused pulse resembles a smile (Zhu et al., 1998) . Table 1 shows the agreement of the shift in the location of the refocused pulse obtained from Eq. the simulation test results for different velocity perturbations at a specific aperture angle (35 • ). This result holds true for any aperture angle ranging from as small as 5
• , which mimics the case of a single receiver, up to 90
• . Apart from the distortion in the shape of the refocused pulse, the shift in its location obtained from the simulation test agrees with Eq. (9).
The change in the location of the refocused pulse with a change in the velocity for two extreme cases (5
• and 90
• ) is demonstrated graphically in Fig. 7 . The solid line shows the shift in the location of the refocused pulse as given in Eq. (9) whereas the points show the shift obtained from the numerical simulations. The shift obtained from the simulation test for 5
• aperture angle is shown in circles, whereas for 90
• it is shown as diamonds. The simulation test results agree with Eq. 
For larger aperture angles, as we increase the velocity perturbation, the theoretical expression loses accuracy and hence starts deviating from the simulation test results. This is because as we increase the velocity perturbation, the second order approximation in ξ (Eq. (8)) used in the Taylor's expansion of the function f and the expansion of |r − rr| in Eq. (5) is inaccurate.
WHY DO RAYS MISGUIDE US?
The numerical simulation shows that Eq. (9) gives the shift in the location of the refocused pulse with an accuracy of up to 5%. In high-quality migration velocity analysis, this is a typical accuracy which gets worse as we deal with more complex media. This result is, however, accurate under certain conditions which include a bound on the relative velocity perturbation of about ±5%. It also depends on the normalized distance (R/λ) between the source and the receivers and, more important, the aperture angle Φ. The angle Φ is a crucial parameter in estimating the shift in the location of the refocused pulse. Let us start by analyzing the influence of the aperture angle on the refocused pulse in terms of ray theory. Consider first a very small aperture or, equivalently a single receiver. Eq. (10) shows that for a very small aperture angle Φ, the velocity perturbation while backpropagation results in a relative shift of R(δc/c) in the location of the refocused pulse. . Shift in the location of the refocused pulse when the wave-field is recorded by an array of receivers and backpropagated using higher velocity (based on rays) carried out with a velocity c. When we back-propagate with velocity c > c, the shift in the location of the refocused pulse depends on the product of distance R and the velocity difference δc as shown in the derivation for Eq. (11).
A more complicated case involves an array of receivers forming a finite aperture angle instead of using a single receiver, as shown in Fig. 9 . We have already seen that if we have only receiver B, then the shift in the location of the refocused pulse is R(δc/c) indicated by B'. Let us start by examining the contribution of the receivers A and C placed at the two ends of the receiver array. The rays coming from A and C also travel a distance of R(δc/c), indicated by A' and C', respectively. The detailed view shows the source S and the shift in the location of the refocused pulse for data from just receivers A, B, and C. This is shown by three rays in thick arrows each having the same length R(δc/c). Even though all the three rays have the same length, the component of the rays S-A' and S-C' in the direction of S-B' extends only up to a distance R = R(δc/c) cos(Φ) < R(δc/c). This suggests that in the presence of only two receivers placed at the two ends of the receiver array, the shift in the location of the refocused pulse is smaller than in that of a single receiver.
With finite aperture angle, however, a number of receivers are placed between A and C along the circular boundary. Rays coming from all the receivers travel a distance of R(δc/c), but the contribution to the shift in the direction of S-B' from each of these receivers is R(δc/c) cos(φ), where φ is the angle depending on the receiver location. This distance is always less than R(δc/c). Hence, ray theory suggests that as we increase the aperture angle formed by the array of receivers, the shift in the location of the refocused pulse decreases.
Let us see if our results agree with this explanation. The slope of the two straight lines in Fig. 7 represents the ratio (−δz)/ (R (δc/c)). If we follow the explanation based on the ray theory, then as we increase the aperture angle, the shift in the location of the refocused pulse reduces; hence, the slope of the line should reduce. Instead, what we see in Fig. 7 is that the slope increases with increasing aperture angles (90 • ). Let us take one step back and consider the expression for the position of the refocused pulse, Eq. (9), which can also be rewritten as Fig.10 shows that G(Φ) is unity for Φ = 0, which is the same as a slope of unity for smaller angles in Fig. 7 , and then increases, indicating that as the aperture angle increases, the distance of the refocused pulse from the original pulse increases. This observation is supported in Fig. 7 which also shows an increase in the slope with increase in the aperture angle. This is, however, contradicted by the reasoning based on the ray theory. Let us now view the picture in terms of wave-front propagation. For the single receiver, as shown in Fig.  11 , the explanation remains the same as in ray theory and hence the shift in the location of the refocused pulse is R(δc/c). The scenario is different when we consider more receivers forming a larger aperture as shown in Fig. 12 . Similar to what we did for the explanation using ray theory, consider just two receivers A and C placed at the two ends. The detailed view in Fig. 12 shows the wavefronts coming from receivers A, B and C. The source is indicated by S and the dotted wavefronts indicate no velocity perturbation. The solid wavefronts A'-A", B'-B" and C'-C" are the three wavefronts from A, B and C, respectively. All three wavefronts are displaced by a distance of R(δc/c) in their respective directions of propagation. It is the interference of the three wave-fronts that contributes to the refocused pulse. The wavefront propagating from the receiver A (A'-A") has displacement in the direction of B'-B" given by R = [R (δc/c) /cos(Φ)] > R(δc/c). A similar expla- 
Refocused Pulse R( c/c) δ Source Figure 11 . Shift in the location of the refocused pulse when the wave-field is recorded by a single receiver and backpropagated using higher velocity (based on wave fronts) nation can be given for the wave-front C'-C"; hence we have a constructive interference at a distance R from the source, yielding the refocusing. This distance R can be referred to as apparent displacement. Hence, for a larger aperture, the refocused pulse is shifted by a distance greater than R(δc/c). This explanation is consistent with Eqs. (9) and (10) and supports the results shown in Figs. 7 and 10 . This, however, is just an extreme case where we consider only two receivers placed at the two ends. When we consider the whole receiver array, the wave-fronts coming from all the receivers will be displaced by a distance of R(δc/c) in their direction of propagation resulting in constructive interference at an effective distance [R(δc/c)/ cos(Φ)] with the angle Φ varying with the aperture of the receiver array. This dis- Figure 12 . Shift in the location of the refocused pulse when the wave-field is recorded by an array of receivers and backpropagated using higher velocity (based on wave fronts) tance may be less than or equal to R , but will definitely be greater than R(δc/c). Thus, if we consider all the wave-fronts coming from the whole receiver array, the shift in the location of the refocused pulse will increase with increase in the aperture angle. So, the results obtained from the theory and numerical simulation agree with the explanation based on wave-front propagation.
RELATION TO MIGRATION
Time-reversed imaging is mathematically the same as migration in the field of geophysics (Borcea et al., 2003) . The numerical simulation shows that if the recorded wave-field is back-propagated (migrated) using the correct velocity, then the waves are imaged at the correct position. This is demonstrated in Fig. 3 which shows the refocused pulse for a homogeneous medium with a considerably large aperture. The refocusing for a homogeneous medium is governed by the aperture of the receiver array. Changing the shape of the aperture from circular (as in the simulations) to linear (as in migration) does not fundamentally alter the refocusing. Reducing the aperture size, however, leads to smearing of the refocused pulse, even though it focuses at the correct position. This becomes clear by comparing Fig. 13 , showing refocusing with a smaller aperture, with Fig. 3 . When a strong heterogeneity, characterized by velocity variations, is present in the model, then even with the small aperture size, the quality of refocusing improves as compared to that for a homogeneous medium. Figure 14 . Improved refocusing is obtained due to the presence of a random heterogeneity both while forward-and back-propagation. This improvement is because of the scattering in the random medium.
focusing for a heterogeneous medium. The heterogeneous block, here, is random and characterized by Gaussian correlated velocity variations. The improved focusing is due to the scattering inside the random medium giving rise to the coda waves. For both forward-and back-propagation, scattering allows energy, in the form of coda waves, to arrive at and depart from a larger range of directions which would be absent for propagation in in homogeneous media. Hence, randomness in the medium, in effect enlarges the aperture angle.
After forward propagation, the wave-field recorded by the receivers can be written in the frequency domain as u = SG where S is the source spectrum and G is the Green's function of the medium. The time window for recording the wave-field is long enough to capture both the direct arrival and the coda waves. Decomposing the Green's function into the direct wave and the coda, this can also be written as
With ±20% velocity variations in our random medium and a correlation length of the order of a tenth of the wavelength of the source pulse, the amplitude of the direct arrival is around twice that of the coda waves.
When the recorded wave-field is time-reversed and backpropagated through the same medium, the resulting wave-field can be written as,
where u * is the time-reversed wave-field (asterisk denotes the complex conjugate) and G is the Green's function of the same medium. The third term is the crosscorrelation of coda waves during forward-propagation and the direct arrival during back-propagation. Similarly, the fourth term is the cross-correlation of direct arrival during forward-propagation and the coda waves during back-propagation. Since the phase information encoded in Go and G coda is unrelated, these terms do not contribute to the refocusing and we will refer to it as focusing-noise. Hence, if the entire recorded wave-field is back-propagated, the refocused wave-field is described by the four terms in Eq. (14) out of which only the first two terms represents refocusing. Fig. 15 shows the refocused pulse when only the coda waves are back-propagated. Even in the absence of the direct arrival, the waves refocus in the presence of the random medium. A comparison of Figs. 14 and 15 show that refocusing is actually better when we back-propagate only the coda waves as opposed to back-propagating the entire wave-field. When only the coda waves are back-propagated, Eq. (14) reduces to
Hence, the refocused coda waves do not contain noise represented by the fourth term in Eq. (14) when only the coda waves are back-propagated. This explains the improvement in focusing by muting the direct wave. If only the direct arrival is back-propagated, Eq. (14) becomes
The first term in the equation indicates that waves refocus at the correct location with some noise described by the second term. However, focusing deteriorates because it is the back-propagation of the coda waves (represented by the second term in Eq. (14)) that improves the focusing when we backpropagate through the same medium.
In migration, the velocity model is characterized by the best velocity estimates without knowledge of the Figure 16 . When the direct wave is back-propagated through a homogeneous medium, the waves refocus at the correct location, although they are smeared.
precise velocity variations associated with heterogeneity in the subsurface. Data acquisition from a subsurface is equivalent to forward propagation where the reflectors, which we are trying to image, act as secondary sources. When these data are migrated, the velocities used are only an estimate and thus do not account for the precise velocity variations. Since migration depends on the smooth background velocity only (Tarantola, 1986) , back-propagation of the direct arrival in the absence of the random medium most closely resembles migration. For this situation, Eq. (14) 
o Go) which indicates that the waves refocus at the correct depth although they are smeared due to limited aperture. This is shown in Fig. 16 .
We next check if the use of coda waves in migration improves focusing. When the coda waves are backpropagated through a homogeneous medium, Eq. (14) reduces to u * G = S * (G * coda Go) which is one of the terms representing focusing-noise. This is shown in Fig. 17 where the energy is scattered all around, with no trace of the original source location. Thus, improved refocusing is possible only when the medium is the same both while forward and back-propagation. In migration, it is unlikely to know the precise details about variations of velocity in the heterogeneity. Hence, use of coda waves in migration does not help improve, and can harm, refocusing. The direct arrival images features acceptably with only a coarse estimate of the velocity model.
The principle of time-reversed imaging is used in virtual source imaging (Bakulin et al., 2004 ) that is to image the deeper earth independent of the nearsurface complex overburden. Bakulin and Calvert suggested that the near-surface complex overburden, which is difficult to quantify in terms of velocity, does help improve the quality of the virtual source. The numerical simulations in this paper have shown that the presence of a random heterogeneity improves the refocusing even with a small aperture provided that the model remains the same during forward-and back-propagation. The near-surface complexity plays the same role in virtual source experiment as the random medium in the simulations, and the number of sources on the surface for the virtual source experiment is equivalent to the aperture size in the simulations. This supports the fact that in-creased overburden complexity does enhance the quality of the virtual source with less sources on the surface.
CONCLUSION
The principle idea of time reversed imaging is the refocusing of the energy at the same location as the source when the forward and back-propagating media are the same. Based on the same idea, we have formulated an expression for the shift in the location of the refocused pulse caused by velocity perturbation during back-propagation. The shift mainly depends on the distance between source and receivers, the aperture angle formed by the receiver array and the velocity perturbation. For a single source-receiver pair, the shift is directly proportional to the velocity perturbation and the source-receiver separation only. For more receivers, however, the aperture angle plays an important role in estimating the shift in the location of the refocused pulse. For the same source-receiver distance and velocity perturbation, as we increase the aperture angle, the shift in the location of the refocused pulse increases. An explanation based on the ray theory yields an underestimate of the shift. In contrast, the variation in the shift of the refocused pulse with change in aperture angle is explained well in terms of the constructive interference of wavefronts. For an unperturbed medium, heterogeneity in the model enhances the quality of focusing provided the same velocity model is used during forward-and back-propagation. However, this improvement cannot be used in migration because in that application the details of the heterogeneity is not known. In virtual source imaging, however, the near-surface heterogeneity helps to better focus the waves onto the virtual source position.
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where I1 and I2 are functions of space. As a result, the
